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Nucleation and growth of Ag films on a quasicrystalline AIPdMn surface
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Nucleation and growth of thin films of Ag on the fivefold surface of ar,Rb,q Mng 5 icosahedral quasi-
crystal is studied with scanning-tunneling microscopy. For low coverages, flux-independent island nucleation is
observed involving adatom capture at “traps.” With increasing coverage, islands start growing vertically, but
then spread, and ultimately form hexagonal nanocrystals. These have fcc symmetry and pyramidlike multilayer
stacking along thé111) direction. The constituent hexagonal islands have five different orientations, rotated by
2m/5, thus reflecting the symmetry of the substrate.

DOI: 10.1103/PhysRevB.67.033406 PACS nuniber61.44.Br, 68.55.Ac

There is currently a broad interest in heteroepitaxialwhich the unique rotational symmetry of the substrate affects
growth, motivated by the possibility of fabricating nano- the final structure of the film, and comment upon future strat-
structures on solid surfaces for technological applications. Iregies most likely to yield artificial quasicrystals.

particular, growth modes are being considered as an alterna- In our experiments, Ag atoms are produced by evapora-
tive to optical lithography to obtain self-organized patterns oftion of the pure metal and impinge individually at a given
nanosized features. Here we explore a class of heteroepiux F on the surface, where they diffuse and nucleate a film.
taxial systems in which a metallic thin film is deposited on a(The sticking coefficient is safely assumed to be unity, and
structurally complex substrate: the surface of a quasicrystagvaporation of Ag from the surface is entirely negligible.
Quasicrystals are complex alloys with long-range, atomicDifferent morphologies can result, of which the most “desir-
scale order, but without periodicityTheir bulk structure is able” is smooth layer-by-layer growth, since this maximizes
most commonly found to be icosahedral, thus possessing elhe film-substrate interaction and hence maximizes the prob-
ements of fivefold rotational symmetry. Their free surfacesability of pseudomorphisntadoption of the substrate struc-
appear to be flat truncations of the bulk structure, or venfture by the film. Macroscopically, and under conditions
nearly so, and are therefore intrinsically complex. We willwhere thermodynamic equilibrium is reached, smooth layer
present here an analysis of the nucleation and growth mechgrowth is favored if the film has relatively low surface en-
nisms operating in this system. This is helpful to understan@ray, i.e., if yag< voc-v*.> Here, yaq and yqc are the sur-
under what conditions a quasicrystalline surface can be usdéce free energies of the film and substrate, respectively, and
as a substrate for growing “artificial quasicrystalé®* By  v* is the interfacial energy. Based on contact angle measure-
“artificial quasicrystal,” we mean a thin film that would be ments of liquid droplets in airyoc should be low, although
constrained sufficiently by the potential-energy surface of théts absolute value has not been estimata@tie value 0fyag
substrate to adopt a nonperiodic structure and the forbiddei.172 J/m) is also low and very similar toy, (1.199
rotational symmetry characteristic of the quasicrystal, everd/n?),” Al being the major constituent of the topmost atomic
though the film material normally would form a periodic layer of thei-AIPdMn surface® Considering these facts, and
lattice. So far, quasicrystals can only be formed from theignoring (until later) the contribution ofy*, the choice of Ag
combination of at least two elements and it would be veryas a film could, indeed, lead to smooth growth. Ag is also
informative, in itself, if a quasiperiodic film were realized, as immiscible with Al in the bulk and the heat of mixing of the
quasiperiodicity could be considered independently frontwo metals is negative—0.61 eV}, hence giving a low prob-
chemical composition effects. Even if pseudomorphicability of surface alloy formation.

growth does not occur, there is also interest in whether and We performed our experiments on a quasicrystal sample
how the unusual symmetry of the substrate is transferred textracted from a single grain with composition
the film. Al;,Pd g Mng 5 grown by the Bridgman method. It was cut
However, the structure of a thin film cannot be consideredperpendicular to a fivefold-symmetry axis and mechanically
separately from the mechanism and kinetics of its formationpolished down to a final roughness of 0.2&n. A clean
since the final structure is often the result of specific growthsurface is obtained after repeated cycles of Aputtering
conditions? Conversely, there exists a possibility that if and annealing up to 900 K in an ultrahigh vacuum chamber,
growth of thin films on quasicrystals is understood, thenwhich is equipped with an Omicron scanning-tunneling mi-
growth conditions might be tailored to favor formation of croscopy.

artificial quasicrystals. This motivates our description, in this  This method of surface preparation leads to a terrace and
paper, of the growth of a Ag thin film on the archetypical step morphology. The average size of the terraces is quite
fivefold surface of the icosahedral AIPdMn quasicrystal. Us-arge, and it is possible to scan tWétip over an area that is
ing scanning-tunneling microscog$TM), we elucidate the several hundreds of nanometers on a side and with a corru-
nucleation mechanism, the growth mode, and the transitiogation of about 0.8 A. Both the step heights measu:d,

to a bulklike structure in the film. We also clarify the way in 4.1, and 6.5 Aand the fine structure observed on the terraces
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FIG. 1. STM images$a) 30X 8 nnt and(b) 6 X6 nnr of the fine Flux (ML/s)
structure on a flat terrace of the fivefold surface of the
i-Al;,Pdg Mng s quasicrystal.(c) is the fast-Fourier transform %5311 .
(FFT) and (d) the autocorrelation function of the STM image re- ] L 3
vealing the long-range order and a tenfold symmetry compatible §
with the fivefold symmetry of the surface. 0.4 L
Y B Mn _ -~ 10 1 3
m“ ] . N H Height trom
(Fig. 1 are fully consistent with a laterally bulk-terminated ;m% L HHATR o
surface, consisting of atomic “planes” that are cross sections 023 ,3" H14 G
of the bulk structuré® The surface actually consists of two M -
planes separated by only 0.4 A, of which the top plane . ," S
probed by the scanning-tunneling microscopy is mainly Al 0 v mﬂ'ﬁm
. T T T

and the second is about #Pd,.® The fine structure re-
vealed by high-resolution images varies from terrace to ter- .
race. The fast-Fourier transform, and the autocorrelation 5/54 (35,=8.65 nm’)
function, of each terrace shows, however, the same tenfold ]

FIG. 2. Top panel: average island dendiy, versus flux, for

symmetry, consistent with the fivefold symmetry of the sur- _ ; _
face. We do not describe further its characteristics and in?=9-2ML. The dashed line shows the scaling behavior expected

stead focus on the nucleation and growth of the metallic filrr{Olr =1 Bottom panel: normalized island size diStribuErg'SISa")
on this high-quality quasiperiodic substrate. rom STM images for Ag/AIPdMn at 0.2 ML anB=10"*~ ML/s.

. . . . . . . ~ 71
The data resolve three different regimes in film thicknessThe island size distribution is defined Ys/Nay~Sy, f(S/Sa),

) . . whereNg is the density of islands of siZg§ andS,, is the average
or coverageexpressed in units of monolayers, MWe first island size. The dashed line show the “true” shapé. dihe inset is

describe the regime where th? coverage of_the film is mUClﬂwe height histogram of a terrace (28050 nnf) covered by 0.2
less than that would be required to fill a single layer, i.e.,\y o Ag, demonstrating its continuous nature.

below 1 ML. STM images of the surface exposed to 0.2 ML
of Ag deposited with a fluf =102 ML/s show the forma-  ation by irreversible capture of diffusing adatoms at specific
tion of islands that are one atom high A) above the sur- quasilattice trap sites. The secofaknoted byi=0) is ho-
face. Due to the roughness of the substrate, STM cann@hogeneous nucleation by random irreversible place ex-
reveal the internal structure of the islands. The top panel oghange of an adatom with the substrate, thereby forming a
Fig. 2 shows that the average island density, (in nm ?) at stable nucleus for island grow{‘ﬁ_
0.2 ML, does not vary significantly with flux. The bottom  The shape of the island size distribution can be used to
panel shows the normalized island size distributidior a  decide between these two scenarios. Figure 2 showsf that
single flux F=10"3 ML/s). The statistics in the data of Fig. has a local maximum at the average sig, as expected for
2 are extremely good, since the data are deduced from STMeterogeneous nucleatf@rbut not for homogeneous nucle-
images of many terraces, spanning an area equal to Ztion withi=0.® (The apparent large population of small
X 10° nn?, and thousands of islands. islands in Fig. 2 is an artifact resulting from the intrinsic
The flux scaling ofN,,,'" as well as the shape 6f*'*  corrugation of the substrate, and the consequent inability to
provide insight into the nucleation process underlying islancthoose a height cutoff that distinguishes cleanly between the
formation. Classic analysis for deposition on perfect crystalsubstrate and the islanyihe fact thaiN,, is independent of
line surfaces shows that ifhomogeneoysnucleation of F, together with the observed shape fofunambiguously
stable islands requires aggregatiori #f1=2 diffusing ada-  points to heterogeneous nucleation at specific sites.
toms, then one hds,,~F"(72) 11713(The dashed line atthe ~ The second coverage regime extends from 1 to 10 ML, in
top of Fig. 2, for instance, shows the scaling relationshipwhich much rougher films are observed. At a coverage of
expected foii =1.) N, is seen to be independentef This  only 1 ML, height histograms reveal islands which are up to
rules out the possibility of homogeneous nucleation withfive atoms high. Ag islands appear as “needles” covering the
critical sizei=1 on the quasicrystal surface but indicates onesurface in three-dimension&D) plots of the STM images
of two alternative scenarios. The first is heterogeneous nuclgFig. 3@ ]. The formation of these “needles” implies an easy
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tively flat-topped islands form the bases for the features that
develop next.

The third growth regime is above 10 ML, where the film
features again grow verticallyroughness increases from
about 1 to 5 nm at 100 M\, forming pyramidlike nanocrys-
tals with flat hexagonal tops, as shown in Figa)4 The set
‘ ) of spikes separated by about 2.3 A in the height histogram
%"“: R f‘. {1/ [Fig. 4(b)] confirms the formation of atomically flat layers
"‘ﬁ‘ Wl with a uniform vertical stacking. Here, the film structure is

/ { remarkably similar to that of Ag on A@11),'® suggesting
that growth is controlled by the same kinetic factors as in
homoepitaxy.(Specifically, the key kinetic limitation is in-
hibited interlayer transport due to a so-called step-edge bar-
rier). The convergence to homoepitaxy in this regime is sup-
ported by atomically resolved STM images of the
nanocrystal tops, one of which is shown in Figc}4 The
hexagonal lattice of A@.12) is clearly observed, confirming
that the film has adopted the bulk Ag structure. However,
even a film as thick as 100 Métill reflectsthe symmetry of
the substrate, because the edges of the hexagonal islands
display specific relative orientations. The angle between

FIG. 3. (a) 3D view of an STM image (208200 nnf) of Ag/  edges of pairs of islands always equals a multiple of (02°
AIPdMn. (1 ML, F=10"° ML/s). STM image(b) 100100 and 12, 24, 36, etg, i.e., a multiple of(2m/5—2m/6). In other
(c) 27.6x27.6 nnt of Ag/AIPdMn at 5 ML andF=3.10"° ML/s.  \ords, the fcc Ag islands display a fivefold-symmetrical ar-

rangement. Note that the STM data indicate the threefold
uphill motion of Ag atoms, i.e., it implies that roughness is axis of crystalline Ag parallels the fivefold axis of the sub-
not a result of kinetic limitations. strate.

The effect of the quasicrystalline substrate on Ag film Our work has several major implications, both for the
roughness is made apparent by comparing the growth on general understanding of epitaxy on complex substrates, and
substrate that is similar in chemical composition but differentfor developing strategies toward pseudomorphic film growth.
in its atomic structur&:Al(111). STM images of an All11) First, nucleation is heterogeneous, not homogeneous, which
surface covered by 0.2 ML of Ag deposited under the sameneans that island nucleation does not take place randomly,
conditions as for the quasicrystal reveal a completely differbut at specific sites. While this is a disadvantage in obtaining
ent morphology. Here the growth is pseudomorphic, withsmooth layer growtHit effectively removes flux as an ex-
formation of triangular-shaped islands and an island densitperimental variablg it could potentially be turned to advan-
that depends on the flux, in clear contrast to the quasicrysta@ge in developing strategies for fabricating organized pat-
substrate. terns of nanostructures on a surface.

As coverage increases further in the second regime, from Second, the Ag film doesot grow smoothly and this
1 to 10 ML, the roughness of the film does not vafyom reflects thermodynamic factors up to 10 ML, but kinetic fac-
~1 nm) but the needles grow laterally, up to 30 or 40 nm.tors for thicker films. Returning to the balance of free-energy
Islands have a rather lumpy aspect at 1.7 ML and evolveéerms that determines film morphology, the extreme rough-
toward flat-topped structures as the lateral growth proceedsess at low coverage on the quasicrystal could mean either
as shown in Fig. @) at 5 ML. An enlargement of one of thatyqc is lower thany,q, the interfacial energy™ is pro-
these flat islandfFig. 3(c)] reveals a complex structure with hibitively high, or that there exists a combination of these
zones of bright contrast forming a disordered network. Theeffects. Smooth growth on the @AI1) substrate together
associated roughness is of the same order of magnitude as feith the top layer of the quasicrystal being almost pure Al
the clean substrat@bout 0.8 A, peak to peakThese rela- suggest thay,y and yoc should not be significantly different

FIG. 4. (a) STM image (200
X 200 nnt) of Ag/AIPdMn at 100
ML and F=2.102ML/s. (b)
Height histogram from a terrace
(300%x 300 nnf) covered with 10
ML of Ag/AIPdMn deposited at
flux F=10"2 ML/s. (c) Atomi-
cally resolved STM image (10.8
% 10.8 nnt) on top of the hexago-
nal islands at 100 ML andF
=2.10 2 MLIs.

033406-3



BRIEF REPORTS PHYSICAL REVIEW B57, 033406 (2003

and this leads us to postulate that the interfacial energy mustructured pattern, in the shape of an array of fivefold twins
be important to explain the rough growth. A high valueydf  of fcc Ag separated by grain boundaries. Such patterns can-
is a reasonable possibility, since the nonperiodic arrangemenit be created by deposition of Ag on @d.1). These obser-
and fivefold symmetry of the substrate could well introducevations also confirm that the pyramidal morphology and
high strain into the film resulting from the interfacial mis- |arge roughness of the films above 10 ML is kinetically lim-
match(dimensional and orientationaFurthermore, we have jted, but that lateral twinning is not.

observed similar roughness at low coverages in a similar Thjs |eads us to conclude that the best approach to obtain
system—Al on a fivefold surface of icosahedral AICuFeg smooth, pseudomorphic film on a quasicrystalline surface
(Ref. 15—which also points to a significant effect of . may be to go to lower temperatures, where kinetics will pro-

h Thi tr;]ird mafi.r|1 implicationdfromf.thi;s l\glork is that, even o6 homogeneous nucleation and suppress upward migra-
though the Ag film cannot adopt fivefold symmetry on aNtion. Further, coverages below 10 ML are most promising,

Z:gnllecfjr(;s:e’ t|<t) Ctﬁg ?i(\)/esfglgnoﬁerggstic:)sn?%f ti%alﬁ'e)gergr’lgl\é?nce here the substrate clearly exerts a strong influence on
g g the structure of the film.

nanocrystals in the third coverage regime, above 10 ML. The | . -
. . ; : n more general terms, Ag film growth on this fivefold
Ag(111) nanocrystals with orientation determined by the uasicrystal exhibits several phenomefiaeterogeneous

fsurk::‘trgte :lre forn:]iaid”ber!ow l|(r)n l\l/IL(Aar1l;1,horr1T::e tze)s(e ar ucleation, rough growth at low coverages, twinning at high
ormed, one essentially has simple (Ag omoepitaxy, coveragepswhose relationship to the unique atomic structure

xh;ﬁ/r:af%rlgpt?/\%ﬁ;eiﬁ th'_?w?rr]'ﬁirr']tat:gnﬂ']?és tcﬁlcsl(tgﬂigznzinﬁag'rng"f the substrate presents interesting dimensions in the under-
9- 9 y standing of epitaxy.

overlayers on top of quasicrystals appears to be quitg 9€N" e would also like to note that we recently became aware
eral, based on the fact that it has been observed also in seyr o publication by Franket al. describing the successful

eral different, but analogous, systems: Pt/ef. 3 and o - . .
AuAl overlayerg on the tenfold surface of a decagonal qua—gro;,Vth S}ng epitaxial Sb and Bi films on quasicrystalline
sicrystal, and Al film&’ and cubic alloy overlay€ on the oo e
same fivefold surface studied here. This work was supported by NSF Grant No. CHE-

As a final remark, we have observed that a surfactantp078596, and performed at Ames Laboratomhich is op-
oxygen, can smoothen a thi¢k00-ML) Ag film on the qua- erated for the US DOE by ISU under Contract No. W-7405-
sicrystal substrate, but the resultant film still displays a nanoEng-832.
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